We here report the electrochemical imaging of cell adhesion using a large-scale integration (LSI)-based amperometric device, called a Bio-LSI device. The device consists of 400 sensor electrodes arranged with a pitch of 250 µm. The device surface was modified with collagen to assist in the culture of MCF-7 cells and promote their adhesion. The cells disturb the electrochemical reaction of redox mediators, allowing the electrochemical signal to be used to evaluate cell adhesion at the single-cell level. This approach was applied to a cell detachment test. The results show that the Bio-LSI device is a promising tool for single-cell analysis.
Introduction
Cell assays, and particularly single-cell analyses, are important for medical and engineering applications. Cell adhesion is a fundamental cellular function; for example, more than 70% of malignant tumors are of epithelial origin. 1 Therefore, an understanding of cell adhesion would have far-reaching implications in the biological sciences and in medicine.
Several diverse methods have been developed for single-cell analysis, of which electrochemical sensors are a powerful tool as they are inexpensive, suitable for miniaturization and microfabrication, and allow real-time and quantitative analysis. Microelectrodes have been widely used for single-cell analysis, 2 such as of exocytosis 3 and respiration activity. 4 Microelectrode arrays have been designed and used for parallel analyses of single cells. 5 For example, an electrode-array device consisting of microwells was fabricated to trap single cells and detect exocytosis 6 and cellular enzymatic activity. 7 Kim et al. recently reported a complementary metal oxide semiconductor (CMOS)-based electrode array containing 100 electrodes for the simultaneous recording of exocytotic events from cells. 8 We previously developed a Bio-LSI (large-scale integration) device for the characterization of biomaterials that comprises 400 electrochemical sensors with a pitch of 250 µm arranged to form a LSI-based amperometric device. [9] [10] [11] [12] [13] [14] The device is based on CMOS technology and an operational amplifier is incorporated into each sensor. The amplifier consists of a switched-capacitor type I-V converter to amplify the in-pixel signal for amperometric detection. 10, 11 The device has been used for the electrochemical imaging of alkaline phosphatase in embryonic stem (ES) cells, 13 A-actinin in differentiated ES cells, 14 and neurotransmitters from PC12 cells. 9 In the present study, the Bio-LSI device was used for the electrochemical imaging of cell adhesion at the single-cell level by monitoring the electrochemical reaction between two redox mediators, [Fe(CN) 6 ] 4¹ and ferrocenemethanol (FcCH 2 OH). In addition, cell detachment was evaluated by monitoring cell adhesion. The results show that the Bio-LSI device is a useful tool for high throughput single-cell analyses based on cell adhesion measurements.
Experimental

Device fabrication
The fabrication process was previously described. 11 An LSI chip was designed by Toppan Technical Design Center Co., Ltd. (Japan), manufactured by SMIC (China), and modified for electrochemical measurements. Briefly, Au electrodes as sensors were prepared on Al pads using lift-off lithography. SU-8 (SU-8 3005, MicroChem, USA) microwells (diameter: 40 µm; depth: approximately 5 µm) were fabricated on the electrodes (Fig. 1) . The chip was attached on a ceramic substrate containing connector pads (Japan Aviation Electronics Industry, Ltd., Japan) using Ag paste, then the chip was connected to the substrate using HB16 wire bonder and a motorized Z-& Y-Axis (TPT Japan Co., Ltd., Japan) to complete the device. A polycarbonate reservoir (Japan Aviation Electronics Industry, Ltd.) was then bonded onto the device to insulate the connector electrodes and to hold the sample solutions.
Collagen coating and cell culture on the device
MCF-7 cells are widely used as a cancer model for studying characteristics related to cell metastasis, such as cell adhesion, and so were used in this study; the cells were kindly donated by the Institute of Development, Aging and Cancer, Tohoku University. Collagen (Cellmatrix type 1-C, Nitta Gelatin Inc., Japan) was coated on the device surface according to the protocol from the manufacturer. RPMI 1640 (1 mL; Gibco, USA) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin was introduced onto the device, and a 10 µL suspension of MCF-7 cells (approximately 5 © 10 7 cells) was deposited in the center of the sensor area. The device was gently transferred to an incubator and the cells were cultured at 37°C under a 5% CO 2 atmosphere for 12 h. The cells on the device were observed under a microscope (VHX-1000, Keyence, Japan) and optical images of the cells on each sensor electrode were acquired. 4¹ was oxidized on each sensor electrode at 0.50 V to obtain electrochemical images, then the solution was exchanged for a PBS solution containing 1.0 mM FcCH 2 OH and FcCH 2 OH was oxidized on each sensor electrode at 0.50 V. Cell detachment was assayed by exchanging the solution for a PBS solution containing 0.1% Triton X-100 (SigmaAldrich Japan, Japan), thus inducing cells detachment from the electrodes. The solution was then exchanged for a PBS solution containing 1.0 mM K 4 [Fe(CN) 6 ], and electrochemical imaging was performed as described above.
Results and Discussion
Electrochemical characterization of the collagen-coated
device The collagen-coated device was characterized by cyclic voltammetry and chronoamperometry. Figure 2A shows the cyclic voltammograms of 1.0 mM [Fe(CN) 6 ] 4¹ before and after the collagen modification. The averages of the currents from the 400 bare electrodes and the 400 collagen-modified electrodes were 4.73 « 0.17 and 4.15 « 0.22 nA, respectively, at 0.60 V. The standard deviations for both conditions were small, indicating that the collagen was coated uniformly on the device. The theoretical current of a single microdisk electrode in a microwell was calculated using the following formula: , whereas no effect was observed on the oxidation currents of FcCH 2 OH (Figs. 2A and 2B ). These findings indicate that collagen modification blocks the active sites for electron-transfer at the electrode surfaces and largely influences the oxidation of [Fe(CN) 6 ] 4¹ , which intrinsically shows slow electron-transfer. However, the response at 0.50 V following collagen modification is only slightly decreased and shows steady-state responses in chronoapmerometry (Fig. 2C) ; therefore, we used the response at 0.50 V to evaluate cell adhesion. Figure 2D shows a calibration curve of [Fe(CN) 6 ] 4¹ at the collagen-coated electrodes, indicating that quantitative analysis can be performed.
Electrochemical imaging of cell adhesion
The optical images shown in Fig. 3A indicate that MCF-7 cells adhered on the device after 12 hours of culture and that one or several cells were present in many of the 40-µm diameter microwells (Fig. 3A) . The number of cells in the microwells was classified into four categories: no cells, one cell, two cells, and three or more cells, and a 2D image was constructed for this categorization (Fig. 3B) . Figure 3C shows the relationship between the oxidation currents of [Fe(CN) 6 ] 4¹ and the number of cells in the microwells. The oxidation current of 1.0 mM [Fe(CN) 6 ] 4¹ from sensors in microwells without cells was 2.01 « 0.19 nA. This is lower than the current 4¹ 100 s after the potential step. The collagen-coated device was used for the calibration curve.
Electrochemistry, 84(5), 364-367 (2016) before culturing the cells and indicates that components of the culture medium adsorbed onto the electrode surfaces during culture, impeding the electrochemical reaction. When a single cell was trapped in the microwells, the oxidation current of [Fe(CN) 6 ] 4¹ was further reduced (Fig. 3C ). There was a significant difference between microwells containing no cells and microwells containing a single cell, indicating that single-cell analysis was successfully performed. As the number of cells in the microwells increased, the current gradually decreased (one cell: 1.68 « 0.28 nA; two cells: 1.53 « 0.27 nA; three or more cells: 0.84 « 0.36 nA). Despite the lower current from wells containing two trapped cells compared to wells containing one trapped cell, the difference was not statistically significant. The small current blocking effect caused by two cells may be lower than expected due to cellar interactions between the two cells. Regardless, these results show that the Bio-LSI device can be used to evaluate cell adhesion at the single-cell level. Figure 3D shows the relationship between the oxidation current of 1.0 mM FcCH 2 OH and the number of cells in the microwells. Although the adsorption of components of the medium also affected the oxidation current, the effect was less pronounced than for [Fe(CN) 6 ]
4¹
. In addition, the reduction in signal intensity due to cell adhesion was also lower as compared to [Fe(CN) 6 ] 4¹ because FcCH 2 OH is a hydrophobic mediator and can permeate cells. Thus, the physico-chemical properties of the mediator affect its permeation of the cell membrane. [Fe(CN) 6 ] 4¹ is known to not cross the cell membrane due to the membrane's negative charge. Consequently, the larger changes in signal intensity obtained using [Fe(CN) 6 6 ] 4¹ is the better mediator for evaluating cell adhesion.
Although the cells were successfully cultured on the device for 3 days, the device gave unstable electrochemical signals after 3 days of culture. Therefore, measurements should be conducted after less than 3 days of culture.
Although an optical microscope can be used to observe the shapes of cells, it is difficult to observe cell adhesion visually. In contrast, the present method can detect cell adhesion because the electrochemical signals were affected by the electrode surface.
Although cell adhesion was not examined in detail in the present study, we believe that this method is useful for the detection of cell adhesion at the single-cell level.
Evaluation of cell detachment at the single-cell level by
electrochemical imaging Preliminary experiments to evaluate the detection of cell detachment were performed using Triton X-100, a non-ionic surfactant that lyses cells, as a toxic chemical. 17 Figures 4A and 4B show optical and electrochemical images, respectively, of the cells before treatment with Triton X-100. Approximately 10 min of treatment with Triton X-100 resulted in almost complete detachment of the cells from the device surface (Fig. 4C ) and a change in the oxidation current of [Fe(CN) 6 ] 4¹ from approximately 0.9 to 1.4 nA (Fig. 4D ). These results show that changes in cell adhesion can be evaluated from changes in the electrochemical signals. However, the currents did not recover completely following removal of the Triton X-100, probably due to fouling of the electrode surfaces by the surfactant. Nonetheless, the results demonstrate that electrochemical detection can be used to evaluate cell detachment at the single-cell level.
Nakazato and coworkers recently reported CMOS-based electrochemical devices for the direct enumeration of HeLa cells via the blocking effect of [Fe(CN) 6 ] 4¹ . 18 HeLa cells were cultured on a device for 2 hours and the blocking of the mediator was monitored. The aim of the present study was to show the applicability of the Bio-LSI for monitoring a conventional cell culture system using collagen modification. The results demonstrate that this device can be used to monitor the status of a culture and for testing various compounds contributing to cell detachment.
Conclusions
The present study demonstrated the applicability of the Bio-LSI device for detecting cell adhesion: cell adhesion on the sensors blocks the electrochemical oxidation of [Fe(CN) 6 ] 4¹ and FcCH 2 OH, thus reducing the oxidation signal at the sensors in a manner dependent on the number of cells in the sensor microwell. The device can be used to evaluate cell adhesion at the single-cell level, and can also be used for a cell detachment test. The detection system can be applied to other adhesion cells. The Bio-LSI is therefore useful for drug screening by evaluating cell adhesion. Electrochemistry, 84(5), 364-367 (2016) 
